Abstract. Helicobacter pylori infection has recently been associated with iron deficiency and anemia in developed countries. To determine the association of H. pylori and anemia in a tropical region, we measured hemoglobin concentration (Hb) and H. pylori infection by the 13 C urea breath test among 857 pregnant women attending antenatal care clinics. Parasitology, anthropometry, obstetric history, sociodemographic and dietary variables were also assessed. Logistic regression showed an odds ratio of 7.63 (95% confidence interval ‫ס‬ 1.73-33.55) for H. pylori infection comparing women with and without severe anemia (Hb < 7 g/dL), controlling for hookworm infection, body mass index and parity, but only among women with a diet low in foods containing heme iron. Infection with H. pylori with low bacterial load was associated with lower Hb concentration while high bacterial load was associated with higher Hb concentration. Further research is needed to establish causality because high worldwide prevalence means that even a small associated risk would be of public health significance.
INTRODUCTION
Worldwide, approximately 41% of women in sub-Saharan Africa, 23% in Latin America, 49% in Southeast Asia, and 60% in the Indian subcontinent of Asia are anemic. 1 Moderate-to-severe maternal anemia has been associated with an increased risk of poor reproductive outcomes, including low birth weight and preterm birth deliveries. 2 Anemia can contribute to hemorrhage and cardiac failure, two principal causes that comprise 25% of all maternal deaths. 3 Severe anemia can be life threatening in settings where the health infrastructure is limited and childbirth at home is the norm. The case-fatality rate from severe anemia is high; 6.1% in one hospital in Zanzibar. 4 Early detection and treatment of multiple causes of severe anemia may reduce the risk of blood transfusion and perinatal and maternal mortality. In poor populations in tropical regions, well-documented causes of anemia include dietary iron deficiency, vitamin A deficiency, the physiologic demands of pregnancy, and infectious diseases such as malaria and hookworm. 5 Recent evidence suggests that Helicobacter pylori, a common bacterial infection of the gut, is associated with iron deficiency and anemia. It may be the most common bacterial infection worldwide, infecting almost half of people in developed countries and 80% of people in developing countries. 6 Infection with H. pylori is strongly associated with peptic ulcer and gastric cancer. 7 Several cross-sectional studies have found an association between H. pylori and low body iron stores [8] [9] [10] [11] [12] [13] and iron deficiency anemia [13] [14] [15] [16] and a reduced response to iron supplementation. 17 Weyermann and others found that pregnant women infected with H. pylori had lower mean hemoglobin (Hb) level at the beginning of pregnancy and a greater decrease in the mean Hb level at the end of pregnancy. 16 In Kenya, anemic children had a 2.5-fold higher proportion of elevated IgM antibody titers against H. pylori than non-anemic children. 18 
MATERIALS AND METHODS
Setting and study sample. A cross-sectional study examining the association between concurrent H. pylori infection and Hb levels was conducted on Pemba Island, Zanzibar, United Republic of Tanzania from April 13, 2004 to December 28, 2004 . This study was nested in a trial of prevention and treatment of severe anemia in pregnancy.
Pemba is a densely populated rural island with a tropical climate and ecology and is located approximately 40 km off the east coast of mainland Tanzania and north of Unguja, the main island of Zanzibar. Pembans subsist on agriculture and fishing and the major cash crop is cloves. The Bantu ethnic group is predominant, but there is a heavy Arab influence. The population is characterized by holo-endemic Plasmodium falciparum malaria, as well as endemic transmission of hookworm infection. Bioavailable iron in the diet is low. The diet consists largely of cassava and some rice, with only seasonal availability of vegetables and fish; red meat is largely unavailable or unaffordable. 19 Women were recruited from eight antenatal health clinics in the northern part of Pemba. To be eligible for inclusion, the woman must have been enrolled in the parent trial and have clinically confirmed signs of pregnancy. To increase the number of women in higher and lower Hb level categories, we selected a stratified sample in which all women with Hb < 7 g/dL were recruited, but only a proportion of the women in the categories of Hb ‫ס‬ 7-10.9 g/dL and Hb Ն 11.0 g/dL were recruited. Because of the stratified sampling procedure, 86% of women with Hb < 7 g/dL (n ‫ס‬ 48) were selected compared with 65% of women with Hb ‫ס‬ 7-7.9 g/dL (n ‫ס‬ 70), 44% of women with Hb ‫ס‬ 7-10.9 g/dL (n ‫ס‬ 493), and 66% of women with Hb Ն 11 g/dL (n ‫ס‬ 254). The study subsample was similar to the parent trial sample for all important indicators (Table 1) .
Venous blood was drawn from 328 women enrolling in 4 clinics (Wete, Jadida, Tumbe, and Konde) for a separate substudy currently under laboratory analysis. To confirm the results of the urea breath test (UBT), we selected a random sample of 31 women testing positive for H. pylori and a random sample of 31 women testing negative for H. pylori by the UBT and assessed their H. pylori exposure status by IgG enzyme immunoassay (EIA).
Measurements.
Helicobacter pylori infection status was measured by the 13 C-UBT, which detects current infection by measuring urease activity. The sensitivity and specificity of this assay are both greater than 95%. [20] [21] [22] Breath samples are taken before and after a 13 C-labeled urea dose and the concentration of 13 C-labeled carbon dioxide ( 13 CO 2 ) is measured and compared between them. The change in concentration of 13 CO 2 is called delta over baseline (DOB), and is considered positive for infection at or above a 2.4 permil threshold. The BreathTek UBiT-IR300 portable infrared spectrophotometer (Meretek Diagnostics, Inc., Nashville, TN) was used to perform the assays on site in Pemba. Breath samples were collected in the clinic following the standard protocol.
The sachets containing the 13 C-labeled urea and citric acid test meal were shipped to Pemba by air and stored in a secure, dry environment. Because the sachets were designed to be stable, storage under warm conditions on Pemba would have no effect on the constituents (Meretek Diagnostics Inc., unpublished data). Breath bags were transported to the laboratory at the end of each day. Breath samples were tested within seven days after collection, as specified by the manufacturer. The UbiT-IR300 infrared spectrophotometer was located in an air-conditioned laboratory. Control gasses were tested every morning that samples were analyzed, and readings were always as expected. In addition, factory-standard stability tests were run; the results of repeated measurements of CO 2 concentration were within the allowable coefficient of variation (1%).
In a subset of samples, H. pylori exposure was also assessed by EIA using the automated Immulite 1000 System (Diagnostic Products Corporation, Los Angeles, CA), which has a sensitivity and specificity greater than 90%. 23 As per the manufacturer's protocol, results Ն 1.1 U/mL were considered positive, results < 0.9 U/mL were considered negative, and results Ն 0.9 U/mL but < 1.1 U/mL, were considered intermediate. Two aliquots of each sample were tested. Samples that were intermediate in one aliquot but positive in another were considered positive. Samples that were intermediate in one aliquot but negative in another were considered negative. In the interest of being conservative, if both aliquots were intermediate, the sample was considered positive.
Hemoglobin concentration was measured as per the parent trial protocol using a drop of capillary blood for 529 women, and a drop of venous blood for 328 women. A portable hemoglobinometer was used to make the measurements in the clinic (HemoCue AB, Angelholm, Sweden).
Information was collected on mother's age, parity, weight and height, gestational age based on fundal height, reproductive history, socioeconomic status, and diet by a one-week food frequency questionnaire. Based on previous research conducted on Pemba, we assessed socioeconomic status indicators known to be associated with anemia: occupation and educational level of the woman and her husband, type of roof, type of lighting, presence of household latrine, household ownership of a bicycle and/or books other than the Koran, and household ownership of a radio or motorcycle. Weight was measured in kilograms on a digital scale with 0.1-kg increments (Model H314, Tanita Corp., Tokyo, Japan). Height was measured in 0.1-cm increments against a wall-mounted tape measure.
Local investigators were consulted to produce a foodfrequency questionnaire to include all foods commonly consumed on Pemba. The one-week food frequency questionnaire was designed to assess dietary sources of heme and non-heme iron (such as beef, chicken, beans, and spinach), non-heme iron chelators or inhibitors (such as tea and some plant-based foods), enhancers of non-heme iron absorption (such as foods rich in vitamin C), as well as caloric intake and sources of other micronutrients. A composite variable was created to indicate a diet high in foods containing heme iron; women eating four or more of either beef, goat, chicken, fish, whitebait, or other seafood (such as shrimp, crabs, octopus, or squid) were classified as having a high heme diet. Malaria infection status was assessed by standard World Health Organization methods on thick blood film slides made in the clinic. Ascaris, Trichuris, and hookworm were assessed by the Kato-Katz technique on stool samples collected within one week after the enrollment visit.
Data management and analysis. Forms were entered into a Microsoft SQL-based (Microsoft Corp, Redmond, WA) database server. Regular manual and automated checks were performed to ensure that data were internally consistent and within expected values. Intermethod reliability between the UBT and Immulite EIA was assessed by calculating percent agreement and kappa statistic. 24 Simple linear and simple logistic regressions were used to assess crude associations between variables. Logarithmic transformation was undertaken to normalize the distributions of some variables as needed; values less than 1 were replaced by a 0 after transformation. Multivariate logistic regression was used to assess the relationship of H. pylori infection to anemia. Likelihood ratio testing was used to select the model by adding variables to assess for confounding and interaction terms to assess for effect modification. 25 Multivariate linear regressions were used to assess the association of infection to Hb concentration and the association of DOB to Hb and severe anemia. Model selection was done by nested Wald testing. 26 All statistical analyses were performed using STATA version 9.0 (Stata Corporation, College Station, TX). The level of significance used in all statistical tests was 0.05.
Ethical considerations. This study was reviewed and approved by the Committee on Human Research of the Bloomberg School of Public Health, Johns Hopkins University (Baltimore, MD) and the Zanzibar Health Research Council (Zanzibar, Tanzania). Women infected with H. pylori were not treated because no established clinical manifestation of H. pylori could be determined in the absence of gastroduodenoscopy. 27 All women were given daily iron-folate supplements (60 mg of iron + 400 g of folic acid, double for severely anemic women with Hb < 7 g/dL).
RESULTS
Of the 865 women enrolled, 8 (0.9%) were not included in the final analysis because of technical errors in the UBT test, yielding a total of 857 women. The final multivariate regression models controlling for hookworm fecal egg density included only the 803 women for whom usable stool samples were obtained.
The prevalence of H. pylori infection was 17.5%, which was unexpectedly low (Table 2) . When compared with the Immulite EIA, percent agreement was 92% and the kappa statistic was 0.8, which showed substantial to almost perfect intermethod agreement according to the criteria of Landis and Koch for interpreting the kappa statistic (Table 3) . 24 Women with H. pylori infection had a 1.85-fold higher odds of being infected with malaria (Table 4) . Women infected with H. pylori were younger, had a higher body mass index, higher gestational age, and higher socioeconomic status ( Table 4 ). The odds of infection with H. pylori were 2.42 times higher (95% confidence interval [CI] ‫ס‬ 1.52-3.30) for women with costlier lighting in their houses. Presence of a household latrine and costlier household roofing were also associated with H. pylori, although with lower magnitude.
Infection with H. pylori and severe anemia. Infection with H. pylori was not associated with severe anemia by simple logistic regression (Table 4 ), but stratification by the level of heme iron-containing foods in the diet suggested an effect modification. Among women in the high heme diet stratum, the odds ratio of infection was 0.74 (95% CI ‫ס‬ 0.22-1.98) and showed little evidence of an association. Among women with a diet low in foods containing heme iron, the odds ratio of infection was large in magnitude (3.14) but with a wide confidence interval (95% CI ‫ס‬ 0.62-13.37). The P value for a test of interaction was 0.08.
In the final multivariate model adjusting for hookworm fecal egg density, body mass index, and parity, H. pylori was strongly and statistically significantly associated with severe anemia, but only among women consuming a diet low in foods containing heme iron (Table 5) . No other variables were found to confound or modify the association between H. pylori infection and severe anemia. Among women with a diet low in foods containing heme iron, we found an odds ratio of 7.63 (95% CI ‫ס‬ 1.73-33.55) for H. pylori infection comparing women with and without severe anemia. Among women with a diet high in foods containing heme iron, the odds of being infected with H. pylori were 1.25 times higher (95% CI ‫ס‬ 0.45-3.46) for severely anemic women than for non-severely anemic women. Because the confidence interval for the odds ratio OR in this stratum was wide and included 1.0, there was little evidence of an association.
Infection with H. pylori and Hb concentration. Hemoglobin as a continuous outcome was not associated with H. pylori by crude analysis (␤ ‫ס‬ 0.06 g/dL, 95% CI ‫ס‬ −0.27-0.39). However, multiple linear regression of Hb on H. pylori infection status showed that among women with a diet low in foods 28 Among women infected with H. pylori, H. pylori DOB was positively associated with high tomato consumption (odds ratio [log DOB] ‫ס‬ 1.55, 95% CI ‫ס‬ 1.09-2.21). Simple linear regression of Hb (g/dL) on DOB showed that a log increase in DOB was associated with a 0.50 g/dL (95% CI ‫ס‬ 0.18-0.81) increase in Hb (Figure 1 ). The mean Hb concentration for uninfected women was 9.88 g/dL (95% CI ‫ס‬ 9.74-10.02). We defined high and low DOB categories based on whether they were associated with better or worse Hb relative to people who were uninfected. Low (2.4 Ն DOB < 20) and high (DOB Ն 20) bacterial load categories among the infected were defined as being values below and above the mean Hb level for uninfected women (Figure 1 ). When Hb concentration among all women was regressed against bacterial load categories, infection with low bacterial load (n ‫ס‬ 74) was associated with 0.56 g/dL (95% CI ‫ס‬ 0.12-1.01) lower Hb and infection with high bacterial load (n ‫ס‬ 76) was associated with 0.66 g/dL (95% CI ‫ס‬ 0.22-1.10) higher Hb. Among H. pylori-positive women, DOB was associated with a lower likelihood of being severely anemic (odds ratio [log DOB] ‫ס‬ 0.39, 95% CI ‫ס‬ 0.18-0.86). In multivariate regression, no other variables, including high tomato and high heme consumption, were found to confound or modify the relationships between hematologic outcome and DOB or bacterial load categories.
DISCUSSION
The prevalence of H. pylori infection was 17.5%, which was unexpectedly low, given that prevalence is 80-100% among neighboring populations. [29] [30] [31] [32] [33] Although this finding is unusual, it is not without precedent. Some coastal adult populations in southeast Asia show prevalences between 0% and 32% in the context of high prevalence in surrounding populations. [34] [35] [36] [37] [38] [39] High concordance with the EIA for H. pylori IgG showed that the UBT was reliable in this population.
Helicobacter pylori was strongly associated with severe anemia and a lower Hb level in this population, but only among women with a diet low in foods containing heme iron ( Figure  2 ). Several candidate anemiagenic mechanisms exist for H. pylori. The most plausible among them are gastrointestinal blood loss, the anemia of chronic disease, bacterial sequestration of free iron, inhibited free iron absorption, and foodcobalamin malabsorption. The observed effect modification by a diet high in foods containing heme iron can be used as a framework to examine the plausibility of candidate mechanisms because the evidence would favor those that are biologically consistent. However, speculation should be tempered by the limitations of the one-week food frequency questionnaire, which can only be used to describe the relative frequency but not the adequacy of consumption within this population. As with all food frequency questionnaires, it describes consumption within a specific period of time and is assumed to reflect habitual consumption although consumption can change over time, including over the course of pregnancy, when eating habits can change. Gestational age was controlled for in analysis, however, and found not to confound any of the multivariate regression results.
Infection with H. pylori tends to be either antral (adjacent to the duodenum) or to involve both the antrum and the body of the stomach (pan-gastritis). With antral gastritis, gastrinproducing G cells in the antrum are stimulated to overproduce gastrin, and the enterochromaffin-like and parietal cells of the gastric body largely escape damage, which results in increased acidity and increased risk of duodenal ulcer. With pan-gastritis, damage to the gastric mucosa can be so severe that acid-producing cells are destroyed, which leads to achlorhydria, gastric metaplasia, gastric atrophy, and gastric ulcer. 40 Because H. pylori causes dramatic changes to the gut, the way in which free iron and heme are absorbed from the gut lumen are central to the evaluation of the plausibility of a candidate anemiagenic mechanism. Free iron is absorbed in the duodenum and upper jejunum, and to a lesser extent in the stomach, ileum, and colon. Free iron is available in the diet in its trivalent ferric form and must be converted to bivalent ferrous iron by a combination of ferrireductase, ascorbic acid, and gastric acid before it can be transported into the enterocyte by membrane divalent metal transporter 1. 41 Unlike free iron, heme iron found in Hb and myoglobin in meat is readily absorbed by heme carrier protein 1 in the absence of promoters by enterocytes in the duodenum, 42, 43 where it joins the common intracellular iron pool. 44 Whether originating from free or heme iron, cellular iron is exported from the enterocyte to the plasma by means of a membrane protein, ferroportin. 45 The role of subclinical infection or inflammation as a cause of anemia, the so-called anemia of chronic disease, 46 is mediated by cytokines, which have been shown to inhibit erythropoietin secretion, 47 block its action on the bone marrow, 48 and upregulate the acute phase protein hepcidin, which regulates serum iron levels and absorption of iron from the gut. 49 Hepcidin binds to ferroportin, inducing receptor-ligand internalization and lysosomal degradation, and thereby sequestering iron within the enterocyte. 50 Because absorptive enterocytes perform their function for only two days before being sloughed from the gut wall, iron locked into the cells is thought to be shed into the stool. 51 Hepcidin-mediated inhibition of iron absorption would therefore not discriminate between heme and non-heme sources because the iron lost would come from the common intracellular pool. Atrophic body gastritis caused by H. pylori leads to lowered production of intrinsic factor, which is produced by parietal cells, and is necessary to bind cobalamin (vitamin B12) so that it can be absorbed in the ileum. 52 Helicobacter pylori is implicated in pernicious anemia, low serum vitamin B12-associated anemia, and low serum vitamin B12 in adults. 53 It is possible that this loss could be overcome by increased frequency of consumption of vitamin B-12 from a meat diet rich in foods containing heme iron. The oral administration of cobalamin is in fact a clinical option for treating foodcobalamin malabsorption. 52 Helicobacter pylori induced destruction of parietal cells in the gastric body mucosa could also lead to decreased HCl output. 54 Indeed, H.pylori-infected anemic patients have a dramatically higher gut pH. 55 The consumption of foods high in heme iron could bypass the specific H. pylori-induced inhibition of free iron absorption.
In a case series of H. pylori-associated refractory anemia, doses of radioactive 59 Fe did not appear in the erythron or the stool, indicating that iron was sequestered in the intestinal lumen. 56 Lactoferrin (LF), a free-iron sequestering member of the transferrin family regulated by the immune response to infection and secreted into external body fluids, has been found to support the in vitro growth of H. pylori, 57 which produces an LF-binding protein that is expressed only in ironstarved media and is increased in biopsy specimens of anemic H. pylori-infected persons. 58 Within H. pylori, iron is stored in the non-heme protein bacterial ferritin, 59 which would be lost from the gut wall and shed into the feces during rapid bacterial turnover. 58 Because iron originating from heme would not be captured by LF, it would be free to be absorbed into the enterocyte.
Because they act in a manner that is biologically consistent with an effect modification by a diet high in foods containing heme iron, food-cobalamin malabsorption, inhibition of free iron absorption and bacterial capture, and shedding of free iron are supported by our observations. . However, gastrointestinal blood loss is not supported because iron lost from blood would be from a common corporal pool, and would therefore not distinguish between dietary iron source. Similarly, the anemia of chronic disease is not supported because hepcidin-induced inhibited iron efflux would not discriminate by the heme or non-heme origin or dietary iron.
As a measure of urease activity in the stomach, DOB is increasingly recognized as a quantitative measure of H. pylori gastric bacterial load. 60 For H. pylori-positive women, DOB was positively associated with Hb concentration and severely anemic women were observed to have lower DOB values than non-severely anemic women. Among all women, being infected by H. pylori with low bacterial load was associated with lower Hb, whereas high H. pylori bacterial load was positively associated with Hb concentration. Helicobacter pylori-induced pan-gastritis involving the gastric body can lead to metaplasia and gastric atrophy, gradually eliminating the very microecologic niche exploited by the bacterium and reducing bacterial load. 61, 62 In contrast, high bacterial load may reflect H. pylori infection in the context of a relatively intact gastric body with parietal cells that are capable of producing HCl and cobalamin. The high bacterial load may also enhance HCl production by overstimulating gastrin release from the antrum.
Interestingly, two of the anemiagenic mechanisms that were supported by the observed effect modification by heme diet, food-cobalamin malabsorption and hampered reduction of ferric to ferrous iron, are caused by destruction of cells in the gastric body. We speculate that the negative association between low bacterial load H. pylori infection and Hb indicates that H. pylori causes anemia by inducing gastric body damage that results in food-cobalamin malabsorption and/or inhibited free iron absorption. We further speculate that high bacterial load H. pylori infection enhances Hb concentration by leaving the gastric body intact and increasing the production of HCl, which promotes iron absorption.
Randomized trials are needed to test whether treatment of H. pylori leads to improved hematologic outcome. Further research is needed to determine the potential role of H. pylori bacterial load in anemiagenesis. Because of the high worldwide prevalence of this infection, even a small associated risk for anemia would be of public health significance. If H. pylori is found to cause anemia, public health interventions must be found to address this infection on the population level, especially in developing countries where clinical options are limited.
